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ABSTRACT
The wind-induced response of tall buildings and flexible slender structures can be adversely affected by instabilities
which might be introduced into the system as a result of fluid-structure interaction (FSI) effects. These effects can be
captured using aeroelastic wind tunnel tests, assuming a linear-elastic behaviour for the building. Meanwhile, there is
growing interest among the wind engineering community on understanding nonlinear buildings response under
extreme wind loads, which cannot be experimentally captured yet. Thus, there is no good understanding yet of the
possible effects of nonlinear structural response, if any, on the wind-induced vibration of buildings. This study aims
at employing computational fluid dynamic (CFD) simulations to investigate the effects of nonlinear structural response
on the aerodynamic feedback (e.g. damping) of tall buildings under extreme wind loads, if any, especially as the
flexibility of the building increases. For this purpose, multi-physics simulations of a low-rise, mid-rise, and high-rise
moment frame with aspect ratios of 1:2, 1:5, and 1:10 respectively is performed through a two-way coupled simulation
approach. In this method, the 3D wind flow and the building surrounding environment are simulated in ANSYS Fluent,
while the building dynamics are modeled in OpenSEES. The interaction between the two processes is configured
using an iterative procedure. Both linear and nonlinear models of the buildings with different dynamic characteristics
are created in OpenSEES. Then, coupled simulation results using these OpenSEES models are compared to examine
the extent of the effects that the nonlinear FSI, e.g. aerodynamic damping, might have on the overall response of the
structure and induced wind forces.
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1. INTRODUCTION
Aerodynamic instability evaluation of high-rise buildings is gaining increased attention among the
wind engineering/structural engineering community to the point that the Architectural Institute of
Japan incorporated such evaluations in their recent guidelines (Hasama, Saka et al. 2020). One of
the major reasons causing instabilities the wind-induced response of tall buildings is vortex
induced resonance of the building, especially in the cross-wind direction. This happens when the
frequency of the shedding vortices generated by the wind loads applied to the structure is close to
the natural frequency of the structure, which happens around a critical wind speed specified by the
Strouhal number, St and continues in a limited range of wind velocities. This usually happens at
relatively low wind velocities within some narrowly limited ranges, and can cause a response
amplification, called vortex induced vibration (VIV) which should carefully be detected and
controlled (Zhou, Ge et al. 2019, Gao, Zhu et al. 2020, Wijesooriya, Mohotti et al. 2020). Tall
slender buildings are especially prone to transverse aerodynamic instabilities such as VIV. It
should be noted that VIV is a nonlinear self-excited vibration. Even though, as mentioned earlier,
it stems from the resonance between vortex shedding and body vibration, the forced vibration by
pure vortex shedding force is negligible during the build-up process and nonlinear self-excited
vibration plays a major role during VIV (Gao, Zhu et al. 2020). Therefore, to better understand the
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wind-induced instabilities of high-rise buildings, it is critical to study the fluid-structure interaction
(FSI) of building structures which undergo nonlinear when subjected to wind loads.
Traditional wind tunnel tests using rigid models are incapable of capturing the FSI effects. This
can significantly alter the design and lead to more conservative designs or result in under-designed
buildings in case large vortex shedding effects at higher wind speeds are neglected. Therefore,
when there is a dire need for including the FSI effects in predicting the response of the building,
single-degree-of-freedom (SDOF) or multi-degree-of-freedom (MDOF) aeroelstic wind tunnel
tests are usually used. However, aeroelastic tests are generally more expensive, time consuming,
and harder to calibrate for the required stiffness, natural frequency, and damping ratio. Therefore,
such tests in previous studies were mainly conducted for the research purpose based on simple
models. As a result, the conclusions drawn through limited aeroelastic model experiments of
simple prisms with conventional cross-sections may not be directly used for future engineering
applications (Zheng, Liu et al. 2019, Ghaffary, Bas et al. 2020). Analytical methods of predicting
wind induced response of the buildings using statistical approaches for modeling the effects of the
wind loads as well as the properties of the building have gained popularity in the wind engineering
field due to their computational efficiency. Simulation of the nonlinear FSI effects have been
successfully implemented using these approaches by (Feng and Chen 2017). However, simulation
of the wind loads and building’s properties through deterministic and/or experimental methods is
a critical requirement for more detailed prediction of the nonlinear building response subjected to
strong wind loads which should inevitably be implemented for improving the accuracy of the
stochastic methods. This is where advanced computational methods such as combined Finite
Element (FE) and Computational Fluid Dynamics (CFD) methods followed by combined
computational/experimental techniques such as wind real-time hybrid simulation (wRTHS)
emerge to facilitate the prediction of the wind-induced response of the buildings incorporating FSI
effects.
Combined computational/experimental techniques such as the wRTHS approach have shown to
be promising in the simulation of complex wind-induced behavior of the buildings (Kanda,
Kawaguchi et al. 2003, Kato and Kanda 2014), avoiding the higher costs of aeroelstic wind tunnel
tests and prestigious CFD models, while preserving accuracy and proper inclusion of FSI effects.
However, combined FE/CFD simulations are imperative for proper development of wRTHS
methods, especially where wind tunnel testing facilities are not available.
To the best of the authors’ knowledge, the above mentioned literature on wRTHS or combined
CFD/FE methods have all investigated the wind-induced response of the structure, assuming the
structure would remain linear elastic during the wind event. Hence, there is no knowledge available
on the effect of nonlinear FSI on the response of the building structures. However, given the recent
advances in performance-based design concepts in the field of wind engineering, it is crucial to
have a clear understanding of the nonlinear behavior of building structures subjected to strong
wind loads, including nonlinear FSI (Ghaffary and Moustafa 2021). The importance of such
nonlinear analyses are more highlighted by the recent ASCE/SEI pre-standard for performancebased wind design (ASCE/SEI (Structural Engineering Institute) 2019), stating that linear analysis
procedures can lead to localized damage, residual deformations, loss of element or connection
stiffness and/or capacity. Hence, advanced nonlinear analysis procedures, which are very scarce
in the field of wind engineering as opposed to earthquake engineering, are crucial for wind
performance assessment of the buildings. Thus, the knowledge gained from the rapidly developing
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field of nonlinear wind engineering is expected to introduce modifications to the design guidelines
provided by ASCE.
The objective of this paper is to investigate the effect of nonlinear FSI in the wind-induced
response of high-rise buildings with special attention to the possible effects on intensifying the the
VIV effects. For this purpose, the response of three building models with width:breadth:height
ratios of 1:1:2, 1:1:5, and 1:1:10 are simulated through an iterative system coupling approach. In
the utilized simulation procedure, the dynamic response of the buildings is simulated in two
uncoupled transverse directions using OpenSEES (McKenna 2000), while the aerodynamic
response of the buildings is simulated using a validated ANSYS Fluent (ANSYS Inc 2020) model.
The overall response of the buildings, including nonlinear FSI effects, is then calculated using the
proposed two-way system coupling approach in an iterative manner. Such analysis is performed
for predicting the wind-induced response of the previously mentioned buildings with a linearelastic behavior and an inelastic bilinear behavior. The results are then compared to quantify the
extent of the effects of nonlinear FSI on the response of the described buildings subjected to strong
winds.
2. SIMULATION STRATEGY
In order to incorporate the effects of Fluid-Structure-Interactions (FSI) into the simulation of the
wind-induced response of the buildings, Computational Fluid Dynamics (CFD) simulation of the
wind flow around the building should be coupled with the Finite Element (FE) simulation of the
structural stiffness and damping. In this study, an iterative approach is utilized to conduct the
coupled CFD/FE simulations that incorporates the FSI effects. In this method, the flow around the
building is first simulated using a stand-alone CFD model in ANSYS/Fluent. The resulting
aerodynamic forces are then transferred to OpenSEES, where a linear or nonlinear response history
analysis is performed. The building deformations from OpenSEES are then recorded and
incorporated into the CFD model. The CFD model is then run for the second time, this time
allowing the mesh to be updated during the simulation based on the deformations obtained from
OpenSEES. This procedure is repeated until convergence is achieved for the building forces and
deformations recorded from Fluent and OpenSEES.
In the following sections, first, the configuration of the FE models and the CFD models are
described in detail, followed by the simulation results and discussions.
2.1. FE model description
The stiffness and the inherent structural damping of the buildings is simulated using FE software
OpenSEES. To investigate a wide range of structural response, three different building models
with aspect ratios (breadth:depth:height) of 1:1:2, 1:1:5, and 1:1:10, representing low-rise, midrise, and high-rise buildings are considered in this study. The buildings are assumed to be of risk
category II, located in Miami, Florida. To limit the number of the parameters under investigation,
the behavior of the buildings is simulated using a simple two-degree-of-freedom (2-DOF) model.
The two simulated DOFs are the first two translational DOFs, neglecting the torsional and other
higher modes of vibration, as well as the coupling between the DOFs. The building model
geometries are symmetric. Therefore, the simulation properties are the same in both directions.
The models are created in small scale to match the length scale used in the CFD models described
in section 2.2. All the simulation parameters used for the small-scale linear and nonlinear models
are shown in Table 1 and Table 2, respectively. The inherent damping of the buildings is
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incorporated into the models using one percent Rayleigh damping applied to the first and second
modes of vibration. Nonlinear building behavior is simulated using a simple bilinear material.
Table 1. OpenSEES model parameter settings for linear simulations
Model name

Stiffness (N/s)

Mass (kg)

Damping (%)

Frequency (Hz)

Low-rise-lin-1

7183.0

0.123

1

38.5

Mid-rise-lin-1

4352.0

0.307

1

18.6

High-rise-lin-1

2824.0

0.612

1

10.81

High-rise-lin-2

2824.0

0.612

0

10.81

Table 2. OpenSEES model parameter settings for nonlinear simulations
Building name
Low-rise-nonlin-1
Mid-rise-nonlin-1
High-rise-nonlin-1
High-rise-nonlin-2
High-rise-nonlin-3

Fy (N)
1.0
4.0
12.0
10.0
10.0

Strain hardening ratio
0.041
0.078
0.27
0.05
0.05

Damping (%)
1
1
1
1
0

2.1. CFD model description
The flow around the building is simulated using the commercial CFD code ANSYS Fluent 20.2.
CFD models are also created in small scale. The utilized dimensions of the computational domain
for the three buildings, chosen based on the recommendations found in the best practice guidelines
(Tominaga, Mochida et al. 2008, Dagnew and Bitsuamlak 2013), are shown in Fig. 1. A structured
meshing scheme is found to provide the highest mesh quality for all the models. In order to achieve
this, the domain is divided into two regions. The inner region in the vicinity of the building, 1cm
away from each building surface, is defined with a refined mesh. The size of the elements in this
region is chosen to be equal to 4 mm. The power law vertical velocity profile is chosen for the
simulation of the atmospheric boundary layer (ABL). Given the comparative nature of the study,
the accuracy of the predictions on the magnitude of the oscillations is not a concern. Also, the
simulation of flutter and galloping is not the focus of this study and is avoided by eliminating the
coupling between the DOFs and keeping the velocities small. On the other hand, VIV effects which
are of concern for this study, can be properly captured using the unsteady RANS models.
Therefore, 𝑘 − 𝜔 SST is chosen as the turbulence model. A second order implicit method is used
for temporal discretization. All the discretized equations are solved using the SIMPLE algorithm
for updating the pressure and velocity. Scaled normalized residuals are set to 10−4 for continuity,
x, y, and z momentums, and for turbulent kinetic energy (𝑘) and the specific energy dissipation
rate (𝜔) (Tominaga, Mochida et al. 2008, Franke, Hellsten et al. 2011, Meng, He et al. 2018). A
fixed time step equal to 0.001 sec is used for performing the transient analyses.
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Figure 1. Computational domain dimensions and boundary conditions (dimensions are not to scale)

3. SIMULATION RESULTS AND DISCUSSIONS
Results of the converged coupled simulations for the models shown in Table 1 and Table 2 are
reported in this section. Fig. 2 shows the comparison between the lift forces obtained from linear
and nonlinear coupled simulation results for the low-, medium-, and high-rise buildings. As can
be seen from Fig. 2 (a) to Fig. 2 (c), the linear and nonlinear aerodynamic force feedback for the
low-, mid-, and high-rise buildings are almost identical. However, the nonlinear buildings models
used in Fig. 2 (a) to Fig. 2 (c) only poses mild levels of nonlinearity, leading to drift ratios of
0.19%, 0.35%, and 0.56% for the low-, mid-, and high-rise buildings, respectively. In order to
understand the possible effects that high levels of building deformation can have on the
aerodynamic feedback, coupled simulations are performed for the high-rise building with severe
nonlinear behavior leading to 2.5% drift ratio. The results of this analysis are shown in Fig. 2 (d).
As can be seen, the nonlinear model results in slightly smaller aerodynamic feedback compared to
the linear model. This indicates that the presence of large nonlinear deformations does not intensify
the aerodynamic feedback. On the other hand, it has a positive effect on reducing the aerodynamic
force through the hysteretic damping effects caused by structural nonlinearity. The results also
suggest that structural damping, either in the form of inherent damping or nonlinear hysteretic
damping has the ability to significantly confront the negative aerodynamic effects caused by the
VIV effects.
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Figure 2. Comparison of the lift force feedback from Fluent for: (a) the Low-rise-lin-1 model containing linear
FSI effects and Low-rise-nonlin-1 model containing mild nonlinear FSI effects; (b) Mid-rise-lin-1 model containing
linear FSI effects and the Mid-rise-nonlin-1model containing mild nonlinear FSI effects; (c) high-rise building for
model containing linear FSI effects and model containing mild nonlinear FSI effects; (d) high-rise building for
model containing linear FSI effects and model containing severe nonlinear FSI effects.

4. CONCLUSIONS
In this study, possible effects of nonlinear structural behavior on the aerodynamic feedback of the
buildings subjected to wind loads are investigated. The investigations are done through a
comparative approach, looking at the stand-alone CFD simulations that do not incorporate FSI
effects, and the linear as well as the nonlinear coupled simulation results, incorporating linear and
nonlinear FSI effects, respectively. The results indicated that the nonlinear behavior of the
building, depending on the extent of the nonlinearity and the value of the inherent structural
damping of the building, can have no effect or slight decrease in the aerodynamic force feedback.
The decrease in the response is associated to the presence of hysteretic damping caused by
nonlinear behavior. This is an unused capacity of the elements that can be used like a hysteretic
damper in order to reduce the adverse effects of instabilities such as VIV and galloping.
Additionally, it was shown that the post-yield frequency does not lead to the occurrence of
nonlinear VIV effects, and does not amplify the effects of the existing elastic VIV effects.
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